Orthopoxvirus infections are acute in nature and generally do not involve the establishment of a persistent or latent state (29) . Therefore, recovery from a primary infection and the overall pathogenic profile of the infection are greatly influenced by nonspecific antiviral responses that operate early during infection. These responses include the development of an inflammatory response, the cytolytic action of natural killer cells, the antiviral activities of cytokines, and programmed cell death (apoptosis). The significance of nonspecific host responses to poxvirus infection is suggested by the identification of specific gene products, encoded by a number of poxviruses, that act to block cytokine maturation or binding of cytokines to receptors and interfere with inflammation, complement, and apoptosis (1, 2, 18, 19, 27, 33) . Important and interesting examples of poxvirus proteins that modify the host response to infection are a number of members of the serpin superfamily of proteinase inhibitors. The poxvirus serpins serve to regulate both inflammation and programmed cell death (23, 32, 38, 48) . To date, poxviruses are the only viruses known to encode functional serpins.
The cowpox virus (CPV) CrmA protein was the first poxvirus serpin identified (34) and has been the most thoroughly characterized. The 38-kDa CrmA protein is expressed early during infection and is found in the cytoplasm of the infected cell. Early studies showed that the deletion of the crmA gene from the Brighton Red strain of CPV resulted in a virus that produced white pocks upon infection of the chicken chorioallantoic membrane (CAM), instead of the red, hemorrhagic, noninflammatory pocks usually observed following infection with wild-type (wt) CPV (34) . Subsequent studies showed that the production of white pocks on the CAM was the result of a massive infiltration of inflammatory cells into the site of infection, suggesting that the function of the CrmA protein is to block the production or activity of an important proinflammatory chemotactic factor (8, 11, 32) . Indeed, the CrmA protein inhibits interleukin-1␤ (IL-1␤)-converting enzyme (ICE) (37) , an enzyme which cleaves pro-IL-1␤ to form active IL-1␤ (46) , thereby mediating the inflammatory response. ICE is also known as caspase-1 and is the prototypic member of the caspase family (4) of cysteine proteinases, which cleave after aspartic acid residues.
During the last several years, apoptosis has become widely accepted as an important nonspecific host antiviral response. Premature death of an infected cell would have obvious deleterious consequences for the production of viral progeny, and therefore many viruses have evolved mechanisms to prevent apoptosis during infection (39) . The significance of apoptosis as an antiviral defense against poxvirus infection is evidenced by the observation that a number of poxvirus genes encode proteins that can function to interfere with apoptosis in specific cell types. Among these genes are several that determine a host range phenotype, such that mutations in them render the virus unable to replicate in a given cell type. For example, the CPV CHOhr gene (15) and the vaccinia virus E3L gene (22) are required to prevent or delay cell death by apoptosis and allow fully productive infection in Chinese hamster ovary cells and primate fibroblasts, respectively. The SPI-1 gene of rabbitpox virus (RPV) has also been reported to encode a host range function, preventing the premature death of infected porcine kidney or human A549 epithelial cells during infection (3, 7) . A recent study implicated two myxoma virus-encoded proteins, T2 and M11L, in the inhibition of lymphocyte apoptosis (25) ; lymphocytes infected with viruses bearing mutations in either the M11L or the T2 gene undergo apoptosis, resulting in a nonproductive infection.
Studies using cells transfected with a plasmid containing the crmA gene have shown that CrmA can block apoptosis induced by a variety of different stimuli, including growth factor deprivation (13) and signalling through the Fas or type 1 tumor necrosis factor (TNF) receptors (10, 24, 44) , suggesting that in addition to its role in regulating inflammation, the CrmA protein blocks apoptosis mediated by proapoptotic caspase activity. Indeed, CrmA has been shown to inhibit caspase-1/ICEmediated apoptosis (28) , and more recent studies showed that CrmA is a particularly strong inhibitor of caspase-8 (MACH, FLICE, Mch5) (40, 42, 49) , a proteinase that is recruited to the Fas and TNF receptor signalling complexes during delivery of the cell death signal (5, 31, 42) . Caspase-8 is thought to be the first enzyme in a process by which activated caspases proteolytically activate other caspases in a cascade fashion, ultimately leading to cell death. CrmA also inhibits the proteolytic activity of granzyme B (35), a cytotoxic T-lymphocyte-encoded serine proteinase that has a substrate cleavage site specificity similar to that of the caspases (Asp residue at P1). Granzyme B itself is a key effector of cytotoxic T-lymphocyte-mediated cell death and may function through the activation of apoptotic proteinases such as caspase-3 (CPP32, apopain, Yama) (9, 36) .
Although CrmA can block apoptosis when expressed in a number of heterologous systems, only one study has addressed the role that CrmA might play in regulating apoptosis induced during virus infection (38) . Infection of the porcine cell line LLC-PK1 with CPV bearing a mutation in CrmA, but not with wt CPV, resulted in the induction of the morphological and nuclear changes associated with apoptosis (38) , suggesting that the inhibition of proapoptotic proteolytic activity by CrmA may also be important in determining whether cells die by necrosis or apoptosis within the context of the virus infection. The observation that other cell types did not manifest signs of apoptotic cell death during infection with the CPV CrmA mutant suggests that the regulation of apoptosis may be multifactorial and cell line specific (38) . For example, another CPV protein, the product of the CHOhr gene, facilitates virus growth on Chinese hamster ovary cells by preventing apoptosis (15) , independent of the expression of the crmA gene.
To understand how poxviruses regulate apoptosis during virus infection, we must understand not only the biochemical functions of the individual gene products but also how the apoptotic program is induced in virus-infected cells. To this end, we have investigated in more detail the induction of apoptosis in LLC-PK1 cells infected with CPV and a CPV mutant deleted for the crmA gene (CPV⌬crmA). In addition, we also examined caspase activation by the related orthopoxvirus RPV. RPV, like the other orthopoxviruses, encodes a homolog of the CrmA protein, referred to as SPI-2 (3). Although studies have shown that purified RPV SPI-2 protein is able to block the cleavage of lamin A in a cell-free system (43) and can also function to regulate inflammation and pock color during infection of the chicken CAM (3), it is not known whether the RPV SPI-2 protein is functionally equivalent to the CPV CrmA protein in the inhibition of apoptosis during virus infection. In this regard, the SPI-2 protein contains the amino acids SV instead of CA at positions P6 and P5, respectively, within the serpin-reactive site loop as well as exhibiting a variety of amino acid differences from CrmA throughout the serpin backbone.
Here, we show that LLC-PK1 cells that are infected with CPV⌬crmA, but not those infected with wt CPV, contain at least five polypeptides corresponding to activated caspases, including a proteolytic activity responsible for the degradation of the nuclear proteins poly(ADP-ribose) polymerase (PARP) and lamin A. Furthermore, we discovered that unlike wt CPV, wt RPV induced infected LLC-PK1 cells to undergo apoptosis even in the presence of the CrmA homolog SPI-2. Mixed experiments suggested that the observed differences between CPV and RPV in controlling apoptosis are most likely representative of functional differences between the SPI-2 and CrmA proteins. Therefore, despite the apparent functional similarities between the CPV CrmA and RPV SPI-2 proteins in the regulation of inflammation during virus infection of the CAM (3), the regulation of apoptosis during infection by wt CPV clearly differs from that during infection with wt RPV.
MATERIALS AND METHODS
Cells and viruses. LLC-PK1 cells and CV-1 cells were obtained from the American Type Culture Collection and grown in medium 199 or F11 (both from Gibco-BRL), respectively, containing 5% fetal bovine serum. HeLa S3 cells, kindly provided by J. B. Flanegan (University of Florida), were maintained in suspension in Joklik's modified Eagle's medium (Gibco-BRL) supplemented with 5% calf serum and 2% Fetal Clone II (HyClone). RPV (Utrecht strain) and vaccinia virus (strain WR) were obtained from the American Type Culture Collection, and CPV (Brighton Red strain) was obtained from David Pickup (Duke University). RPV⌬SPI-2 and CPV⌬crmA (referred to elsewhere as CPV⌬SPI-2) have been described previously (3) . Virus stocks were routinely grown on CV-1 cells, which were also used for determination of virus titers.
DAPI staining of cells. LLC-PK1 cells were grown in LabTek eight-well chamber slides to 50% confluence and infected with virus at a multiplicity of 10 in 100 l of Gibco medium 199 without serum. Virus was adsorbed for 2 h at 37°C. After removal of the inoculum, the cells were washed with 300 l of medium without serum. Cells were processed at 16 h postinfection, first being washed with 300 l of phosphate-buffered saline (PBS) and then being fixed by incubation with 200 l of PBS containing 3.5% paraformaldehyde for 20 min at room temperature and then with 200 l of ice-cold methanol for 10 min. Cells were rinsed two times with 300 l of PBS and then incubated with 100 l of PBS containing 0.5 g of DAPI (4Ј,6-diamidino-2-phenylindole) per ml for 30 min at room temperature. The cells were then rinsed three times with 300 l of PBS, and the DNA was visualized by using a fluorescence microscope equipped with a DAPI filter. Fluorescent cells were photographed with Fuji 400 ASA film.
Preparation of infected-cell extracts. Semiconfluent (80%) monolayers of LLC-PK1 cells in 100-mm-diameter dishes were either mock infected with medium alone or infected with RPV, RPV⌬SPI-2, CPV, or CPV⌬SPI-2. A multiplicity of infection (MOI) of 5 to 10 PFU/cell was used for the RPV derivatives, while an MOI of 25 to 50 PFU/cell was used for the CPV derivatives because CPV's efficiency of plaque formation on LLC-PK1 cells is fivefold lower than that of RPV (data not shown). For single-virus infections, virus was adsorbed to cells for 60 to 90 min at 37°C, medium was added, and the infection was allowed to proceed for 14 h at 37°C. Where mixed infections were performed, the virus inocula were mixed prior to being added to the cells, using an MOI of 10 PFU/cell for RPV and of 50 PFU/cell for CPV, and virus adsorption was carried out at 4°C. Cells were harvested by scraping them into the medium with rubber policemen, pelleted, washed once with PBS (pH 7.4), pelleted again, washed once with cold extract preparation buffer [EPB; 50 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES, pH 7.0), 50 mM KCl, 5 mM EGTA, 2 mM MgCl 2 , 1 mM dithiothreitol (DTT), 20 M cytochalasin B], pelleted, and resuspended in 100 to 200 l of cold EPB containing the proteinase inhibitors phenylmethylsulfonyl fluoride (PMSF; 0.2 mM) and CLAP (containing chymostatin [20 g/ml] , leupeptin [5 g/ml], antipain [20 g/ml] , and pepstatin A [5 g/ml]). Cells were lysed by four cycles of freezing and thawing, and the lysates were subjected to centrifugation at 10,000 ϫ g for 15 min. The supernatant cytoplasmic extract was aliquoted and either used immediately in assays or stored at Ϫ80°C. The protein concentration in the extract was estimated by the Bradford assay.
In vitro apoptosis assay. Extracts were assayed for apoptotic activity by following the protocols described by Earnshaw and coworkers (20, 21 The presence of PARP-cleaving activity in the extracts was determined as described elsewhere (21); 25 to 50 g of extract was brought up to 10 to 15 l with EPB and mixed with 10 6 purified HeLa cell nuclei that had been washed and resuspended in 10 to 15 l of mitotic dilution buffer (10 mM HEPES [pH 7.0], 40 mM ␣-glycerophosphate, 50 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, 1 mM DTT, 2 mM ATP, 10 mM creatine phosphate, 50 g of creatine kinase per ml). In each experiment, protein in the extracts was quantitated by the Bradford assay, and equivalent concentrations of protein were added to each reaction. Reaction mixtures were incubated at 37°C for 15 to 60 min, and the reactions were stopped by the addition of 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. Proteins in the samples were resolved on SDS-10% polyacrylamide gels, transferred to nitrocellulose by the use of a semidry blotter (Fisher), and detected with a monoclonal antibody (C-2-10; Clontech) that recognizes human PARP; this was followed by addition of horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin G (IgG) (Southern Biotechnology Associates, Inc.) and enhanced chemiluminescence (ECL) analysis (Amersham).
In vitro expression of human lamin A and cleavage assay. A cDNA clone containing the complete coding sequence for human lamin A (kindly provided by B. Burke, University of Calgary, Calgary, Alberta, Canada) was subcloned into the EcoRI-XbaI sites of the plasmid pAlter-Ex1 (Promega Corporation), oriented such that lamin A could be expressed from the T7 promoter. 35 S-labelled lamin A was synthesized by using the T7 Quick Coupled Transcription/Translation System (Promega Corporation) in accordance with the instructions provided by the manufacturer.
The presence of lamin A-cleaving activity in the extracts was determined by adding 2 l of 35 S-labelled lamin A from a 25-l transcription-translation reaction mixture to 15 g of extract from either mock-or virus-infected LLC-PK1 cells and then incubating at 37°C for 90 min. Proteins were resolved on SDS-12% polyacrylamide gels, the radioactive signal was enhanced with Amplify (Amersham), and proteins were visualized by autoradiography.
Expression and purification of His-tagged CrmA and SPI-2. CrmA and SPI-2 were purified as His-tagged proteins, produced by standard methods by using the vaccinia virus-T7 expression system (12) . Briefly, the PCR-amplified open reading frames for CrmA and SPI-2 were inserted into a derivative of the plasmid pTM1 (30) , prepared by inserting the oligohistidine tag from the plasmid pET16b. Clones were verified by sequencing, and vaccinia virus (strain WR) recombinants in which the P T7 -His-tagged protein coding sequences were inserted into the viral thymidine kinase gene were generated. High-level expression of the His-tagged proteins was achieved by coinfection of HeLa S3 cells with the vaccinia virus His-CrmA or His-SPI-2 virus and the vaccinia virus T7 RNA polymerase-expressing recombinant vTF7-3 (12) . His-tagged proteins were purified from extracts of infected cells by affinity chromatography on nickel columns by standard procedures (16) .
Generation of an anti-CrmA-anti-SPI-2 monoclonal antibody and detection of SPI-2 in extracts. The monoclonal antibody 2B12-4B1 was produced by immunizing female BALB/c mice with purified His-tagged RPV SPI-2 protein, prepared as described above. Splenocytes from immunized animals were fused with a murine myeloma cell line. Fused cells were selected and screened for clones producing culture supernatant that was immunopositive for purified CrmA and SPI-2 proteins by both enzyme-linked immunosorbent assay and immunoblot analyses. Clone 2B12-4B1 was selected on the basis of its strong reactivity with both the CrmA and SPI-2 proteins. The antibody was column purified prior to use.
CrmA and SPI-2 were detected in extracts by immunoblotting by standard procedures. Proteins in extracts were resolved on SDS-12% polyacrylamide gels, transferred to nitrocellulose membranes by semidry blotting, and detected with antibody 2B12-4B1; this was followed by addition of HRP-conjugated goat antimouse IgG (Southern Biotechnology Associates, Inc.). Subsequently, ECL analysis (Amersham) was performed.
Detection of activated caspases in infected-cell extracts. The processing of caspase-3 (CPP32) in infected-cell extracts was determined as follows. Extracts (15 to 30 g each), prepared as described above, were resolved on SDS-15% polyacrylamide gels. Proteins were transferred to nitrocellulose membranes by semidry blotting, and caspase-3 (CPP32) was detected by addition of rabbit antiserum directed against the p17 subunit of human CPP32 (kindly provided by N. Thornberry, Merck Research Laboratories, Rahway, N.J.) followed by HRPconjugated goat anti-rabbit IgG (Southern Biotechnology Associates, Inc.) and, subsequently, ECL analysis (Amersham).
Affinity labelling of activated caspases in extracts prepared as described above was conducted as follows. Extract 
RESULTS
Morphological characteristics of LLC-PK1 cells infected with wt and CrmA/SPI-2 mutants of RPV and CPV. It has been shown that LLC-PK1 cells appear apoptotic when infected with CPV⌬crmA but not when infected with wt CPV (38) . We confirmed this by staining the nuclei of infected cells with DAPI ( Fig. 1B and C) . RPV⌬SPI-2 mutants behaved similarly to CPV⌬crmA, and by 16 h postinfection, many of the infected cells exhibited properties associated with apoptosis, such as densely staining apoptotic bodies (Fig. 1E) . However, unlike cells infected with wt CPV, cells infected with wt RPV (Fig.  1D ) (approximately 40% of the cells) also showed nuclear condensation and fragmentation by 16 h postinfection, consistent with apoptosis. Generally, we observed that RPV causes a more highly cytopathic infection than does CPV. There were more apoptotic nuclei in cells infected with RPV⌬SPI-2 (ϳ60%) than in cells infected with wt RPV (ϳ40%) (compare Fig. 1E and D) , and there was a larger proportion of apoptotic cells in RPV⌬SPI-2 infections (ϳ60%) than in those caused by CPV⌬crmA (ϳ40%) (compare Fig. 1E and C) . Apoptotic cells were only rarely observed in infections by wt CPV (less than 10%) (Fig. 1B) . The finding that wt RPV induces apoptosis is surprising in view of the fact that RPV synthesizes a SPI-2 (CrmA) protein (7) .
PARP-and lamin A-cleaving activity in extracts prepared from infected LLC-PK1 cells. We did studies to determine whether, in addition to the apoptosis-associated morphological changes observed in LLC-PK1 cells infected with CPV⌬crmA (38) , the cells also manifest biochemical changes that normally occur during apoptosis, such as the activation of caspase activity leading to the cleavage of nuclear proteins, including PARP and lamins. Furthermore, we wanted to determine whether the RPV SPI-2 protein, which exhibits 93% amino acid identity to the CrmA protein, also functions to regulate apoptosis in LLC-PK1 cells infected with RPV. Using the in vitro apoptosis assay developed by Earnshaw and coworkers (20, 21) , we prepared extracts from LLC-PK1 cells that had been either mock infected or infected with wt CPV, CPV⌬crmA, wt RPV, or RPV⌬SPI-2 and tested them for the ability to cleave either PARP in purified HeLa cell nuclei or in vitro-transcribed-and -translated human lamin A.
The data shown in Fig. 2 indicate that extracts prepared from LLC-PK1 cells infected with CPV⌬crmA, but not those from wt CPV-infected cells, contained activity that cleaved PARP from its native 116-kDa form to the signature 85-kDa fragment typically seen during apoptosis. This result suggests that the CPV CrmA protein blocks apoptosis in infected LLC-PK1 cells by either preventing the activation of PARP-cleaving activity or directly inhibiting the PARP-cleaving enzyme. Surprisingly, extracts prepared from wt RPV-infected LLC-PK1 cells also contained PARP-cleaving activity, unlike those prepared from wt CPV-infected cells (Fig. 2) . In the case of RPV, the CrmA homolog SPI-2 alone is not sufficient to prevent PARP cleavage. However, extracts prepared from cells in-fected with RPV⌬SPI-2 consistently resulted in more extensive cleavage of PARP than did extracts prepared from cells infected with wt RPV (Fig. 2) , indicating that expression of the RPV SPI-2 protein has some role in reducing the extent of PARP cleavage. Infection of LLC-PK1 cells with RPV⌬SPI-2 resulted in more PARP-cleaving activity than did infection with CPV⌬crmA (Fig. 2) .
As shown in Fig. 3 , extracts from LLC-PK1 cells infected CrmA blocks proteolytic activity upstream of the PARPcleaving activity in infected LLC-PK1 cells. To determine whether the CPV CrmA protein present in extracts of infected LLC-PK1 cells is able to directly inhibit the activity of the PARP-cleaving proteinase in the extracts, the in vitro apoptosis assay was performed on mixtures of extracts derived from infected cells. We reasoned that if the CrmA present in extracts from cells infected with wt CPV is able to directly inhibit the enzyme that cleaves PARP in the assay, then PARP cleavage should be prevented when wt CPV extracts are incubated with extracts prepared from either CPV⌬crmA-or RPV-infected cells prior to addition to the purified HeLa cell nuclei.
The results of this experiment are shown in Fig. 4 . Extracts or mixtures of extracts were either preincubated for 30 min at 37°C and then added to purified HeLa cell nuclei (Fig. 4 , odd-numbered lanes) or added to HeLa cell nuclei directly with no preincubation (Fig. 4 , even-numbered lanes) and then incubated a further 60 min at 37°C to allow PARP cleavage to occur. Preincubation of extracts prepared from mock-infected cells or cells infected with either RPV, CPV, or CPV⌬crmA did not affect PARP-cleaving activity present in the extracts (lanes 1 through 8) . Furthermore, mixing extracts from CPVinfected cells with extracts from cells infected with either RPV (lanes 9 and 10) or CPV⌬crmA (lanes 13 and 14) did not inhibit PARP cleavage by either the RPV or the CPV⌬crmA extract, indicating that the CrmA present in the CPV extract was not able to inhibit the PARP-cleaving activity. Although a possible explanation for this result is that all of the CrmA present in the extract is already complexed with or cleaved by the enzyme(s) that it inhibits, this is not likely to be the case since uncleaved CrmA is present in the extracts (see Fig. 7 below) and no higher-molecular-weight complexes containing CrmA can be detected on native polyacrylamide gels (data not shown). Therefore, a more plausible explanation is that CrmA does not directly inhibit the PARP-cleaving enzyme in the extracts but rather blocks the activation of this activity by inhibiting a caspase that functions further upstream in the apoptotic proteolytic cascade.
When an extract prepared from RPV-infected cells was preincubated with an extract from CPV⌬crmA-infected cells, we observed an increase in PARP-cleaving activity compared to that observed when the extracts were added directly to the HeLa cell nuclei without any preincubation ( Fig. 3; compare  lanes 11 and 12) . This result suggests the possibility that the mixing of these extracts actually caused an increase in the amount of activation of the PARP-cleaving enzyme, possibly due to differences in the proteolytic activities that become activated in the cells. It is therefore possible that the induction of apoptotic proteolytic activity during infection of LLC-PK1 cells with RPV is somewhat different than that induced during infection with CPV.
Processing of CPP32 (caspase-3) in virus-infected LLC-PK1 cells. Although CrmA and SPI-2 exhibit 93% overall amino acid identity and, within the reactive site loop, differ only at the P5 and P6 positions (3), it is formally possible that the two proteins possess differing inhibitory specificities with respect to caspases that become activated during virus-induced apoptosis. If this is the case, we might expect to see some difference in the spectra of caspases that become activated during the course of the infection with the different viruses. We therefore analyzed extracts from virus-infected LLC-PK1 cells by immunoblotting with a polyclonal antiserum that recognizes the p18 subunit of caspase-3 (CPP32), which is one of the proteinases capable of PARP cleavage during apoptosis.
The results of immunoblotting for caspase-3 are shown in Extracts prepared from infected LLC-PK1 cells at 14 h postinfection were mixed with purified HeLa cell nuclei, and the mixtures were incubated for 60 min at 37°C. Proteins from the reaction were separated by SDS-10% PAGE, and PARP was detected by immunoblotting with the monoclonal antibody C-2-10. In the odd-numbered lanes are extracts prepared from singly infected cells, mixed and preincubated at 37°C for 30 min before the nuclei were added. In the even-numbered lanes are the nuclear extracts that were mixed and added directly to the nuclei with no preincubation. The arrows indicate the intact 116-kDa molecule and the 85-kDa cleavage product. MOCK, mock-infected cell extract. Fig. 5 . The unprocessed form of the enzyme (pro-cpp32) is best seen in the blot subjected to a shorter exposure time (Fig. 5A) and is indicated by the uppermost arrow. The processed p18 subunit is most easily visualized in the blot subjected to a longer exposure period (Fig. 5B) . Correlating with the presence of PARP-cleaving activity, we found that extracts prepared from cells infected with wt RPV, RPV⌬SPI-2, or CPV⌬crmA all contained an immunopositive band migrating at approximately 18 kDa (Fig. 5B, lanes 2, 4, and 7) , indicative of processing of the porcine homolog of caspase-3 zymogen to the activated form of the enzyme. There was no effect in either RPV or the RPV⌬SPI-2 mutant upon further deletion of the related SPI-1 gene (Fig. 5, lanes 3 and 5) despite the fact that the SPI-1 gene has also been linked to control of apoptosis (7) . There was no evidence of caspase-3 activation in either mockinfected cells or cells infected with wt CPV, even with the longer-exposure blot (Fig. 5B, lanes 1 and 6) . Furthermore, we consistently noted that more processed caspase-3 was present in the extract from RPV⌬SPI-2-infected cells than in that of cells infected with wt RPV (Fig. 5, lanes 2 and 4) . This suggests that the SPI-2 protein may indeed have some function in the inhibition of the activation of caspase-3 (and hence PARP cleavage), but that this inhibition may be incomplete. Alternatively, it is possible that more than one upstream proteinase is involved in caspase-3 activation, and SPI-2 may not be able to inhibit both of them.
Labelling of active caspases with a biotinylated tetrapeptide inhibitor. Extracts were analyzed for the presence and spectrum of other activated caspases by labelling them with the biotinylated synthetic peptide (acyloxy)methyl ketone inhibitor Ac-YV(bio)KD-aomk (47) , which has been demonstrated to label at least five activated caspases in extracts from apoptotic cells (41) . AcYV(bio)KD-aomk binds irreversibly to the larger subunits of a number of different caspases. We chose this approach in part because antisera to the wide variety of caspases now identified (4) are not readily available. The results of the peptide labelling are presented in Fig. 6 . As expected, no activated caspases were detected in extracts prepared from mock-infected LLC-PK1 cells (lane 1). Furthermore, no caspases were labelled in extracts derived from cells infected with wt CPV (lane 4). In contrast, in extracts prepared from cells infected with RPV, RPV⌬SPI-2, or CPV⌬crmA, three major activated caspases were detected (lanes 2, 3, and 5). In addition, minor bands appeared at 31 kDa (RPV, RPV⌬SPI-2, and CPV⌬crmA) and 17 kDa (RPV⌬SPI-2). Immunoblotting of the same samples led to the identification of the band labelled L18 as caspase-3 (CPP32) (data not shown).
In agreement with the results of immunoblotting with anticaspase-3 presented in Fig. 5 , we noted that the band corresponding to L18 was more abundant in RPV⌬SPI-2-derived extracts than in those corresponding to wt RPV. However, there was no overall difference in the patterns of major bands corresponding to the different caspases, suggesting that within the limits of the detection system used, RPV SPI-2 protein was not able to block the activation of caspases induced in infected cells. There remains the possibility that RPV activates a SPI-2/CrmA-insensitive proteinase that leads to caspase activation but is not detectable with available reagents.
Expression of CPV CrmA and RPV SPI-2 in infected LLC-PK1 cells. Because RPV encodes a homolog of the CPV CrmA protein, the finding that LLC-PK1 cells infected with wt RPV contain apoptotic proteolytic activity which does not become activated in the context of CPV infection in the presence of the CrmA protein was somewhat unexpected. A trivial explanation for this result could be that RPV simply does not express a significant amount of the SPI-2 protein or that the kinetics of SPI-2 expression differs from that of CPV CrmA. We therefore compared the expression of CrmA and SPI-2 in infected LLC-PK1 cells at various times postinfection. Equal amounts of protein from extracts prepared from LLC-PK1 cells infected for various amounts of time with either CPV or RPV were loaded onto an SDS-12% polyacrylamide gel, and CrmA/SPI-2 was detected by immunoblotting with the anti-crmA and anti-SPI-2 monoclonal antibody 2B12-4B1. This monoclonal antibody has a comparable avidity for each of these proteins. The results of this experiment are shown in Fig. 7 . RPV was found to express levels of SPI-2 that are comparable to, if not slightly higher, than the amount of CrmA expressed during infection with CPV. RPV SPI-2 was detectable as early as 2.5 h postinfection (Fig. 7) and accumulated throughout the infection. A similar pattern of expression was observed for CPV CrmA, although there was somewhat less protein seen at the early time points. This pattern of expression is consistent with the observation that the SPI-2 and crmA genes are controlled by sequences conforming to early viral promoters and further suggests that the SPI-2 and CrmA proteins are stable within the cells during the course of the infection. From these data we can conclude that the differences in the activation of proteolytic activity seen in extracts prepared from CPV-infected LLC-PK1 cells and in those infected with RPV cannot be explained by differences in the expression of the CrmA and SPI-2 proteins.
Comparable inhibition of ICE by CrmA and SPI-2. The first biochemical function ascribed to the CrmA protein was the inhibition of ICE (caspase-1) (37) . Because the results presented above suggest that there may be functional differences between the CPV CrmA protein and the RPV SPI-2 protein, we tested the purified viral proteins directly for their ability to inhibit the activity of ICE against a fluorogenic peptide substrate in vitro. The data presented in Fig. 8 clearly indicate that there is no significant difference in the abilities of purified CrmA and SPI-2 to inhibit the activity of ICE in this assay. Thus, our results cannot be explained by assuming that the RPV protein is simply nonfunctional as a proteinase inhibitor.
However, it remains possible that the slight differences in amino acid sequence in critical regions of the protein, such as the P5 and P6 residues in the reactive-site loop, define differing inhibitory specificities toward other members of the caspase family of proteinases, resulting in differing abilities to regulate apoptosis during virus infection. This possibility is currently under investigation.
CPV can block the activation of PARP-cleaving activity by RPV in LLC-PK1 cells coinfected with CPV and RPV. A possible explanation for the above-presented results is that the apoptotic signal induced by RPV, but not that induced by CPV, activates a CrmA/SPI-2-insensitive activity that can go on to activate the PARP-and lamin A-cleaving enzymes in the infected cells. Alternatively, it is also possible either that the RPV SPI-2 protein is not functionally equivalent to the CrmA protein or that CPV encodes another factor which in addition to CrmA is necessary to block the apoptotic cascade in these cells. To investigate these possibilities, we prepared extracts from LLC-PK1 cells coinfected with both CPV and RPV and assayed for PARP-cleaving activity by the in vitro apoptosis assay. Here, we reasoned that if CPV coinfection cannot block the activation of PARP-cleaving activity, then it is likely that RPV activates a CrmA/SPI-2-insensitive apoptotic pathway in infected LLC-PK1 cells. However, if the activation of PARPcleaving activity is blocked, then SPI-2 is not functionally equivalent to CrmA and/or another CPV-encoded factor in addition to CrmA/SPI-2 is required to prevent apoptosis.
The data presented in Fig. 9A clearly show that extracts prepared from cells coinfected with CPV and RPV were unable to cleave PARP in this assay. To exclude the possibility that CPV infection somehow prevented coinfection with RPV, the same extracts were assayed by immunoblotting for the expression of the orthopoxvirus chemokine-binding protein, which is expressed as an early protein by both CPV and RPV (14) . Because the CPV and RPV versions of the chemokinebinding protein migrate differently on SDS-polyacrylamide gels (30 and 35 kDa, respectively [31a] ), this protein could be used as a marker to determine whether both viruses are expressing early proteins within the same cells. Figure 9B clearly shows that both the CPV and RPV homologs of the chemokine-binding protein are expressed in the coinfected cells. Together, the results suggest that it is not likely that RPV acti- FIG. 6 . Labelling of activated caspases in infected-cell extracts with Ac-YV(bio)KD-aomk. Lanes 1 to 5, extracts prepared from mock-infected (MOCK) or infected LLC-PK1 cells at 14 h postinfection, labelled with the biotinylated tetrapeptide inhibitor Ac-YV(bio)KD-aomk as described in Materials and Methods; lane 6, extract from CPV⌬crmA-infected cells incubated in the absence of the tetrapeptide. Proteins from the reactions were resolved on SDS-16% polyacrylamide gels. Labelled caspases were detected with streptavidin-HRP followed by ECL. Bands corresponding to labelled caspases were designated L followed by numbers indicating their approximate molecular masses (kilodaltons) and are indicated with arrows. This figure was prepared by using Adobe vates a CrmA/SPI-2-insensitive pathway in the infected cells. Therefore, the SPI-2 protein either has an inhibitory specificity different from that of the CrmA protein or requires a CPVencoded cofactor in order to block apoptosis in infected LLC-PK1 cells.
The questions of whether SPI-2 and CrmA are equivalent and whether CPV encodes a second factor, in addition to CrmA, to prevent apoptosis were approached genetically through a series of mixed infections with wt and SPI-2/CrmA mutants of RPV and CPV (Fig. 9C) . PARP cleavage induced by either RPV⌬SPI-2 or CPV⌬crmA could be completely reversed by coinfection with wt CPV (lanes 7 and 9, respectively). However, the apoptosis induced by CPV⌬CrmA infections could not be eliminated by coinfection with wt RPV (lane 10); i.e., the properties of the extracts most closely resemble those of cells singly infected with wt RPV. Control mixed infections with RPV⌬SPI-2 and CPV⌬CrmA mutants (lane 11) yielded high levels of PARP cleavage, as expected. These results are most easily explained by functional differences between SPI-2 and CrmA and the fact that SPI-2, unlike CrmA, is incapable of completely blocking apoptosis within the context of a virus infection.
DISCUSSION
The CPV CrmA protein is an important natural regulator of apoptosis. CrmA is capable of inhibiting apoptosis induced by a variety of signals in transfected mammalian cells (see, for example, references 6, 10, 13, 24, 28, and 44), as well as during CPV infection of LLC-PK1 cells (38) . Nevertheless, the mechanism by which CPV induces apoptosis during infection and the specific cellular proteins with which CrmA interacts to prevent apoptosis have yet to be elucidated. Furthermore, the role that the CrmA-mediated inhibition of apoptosis plays during the course of viral infection in vivo is not clear. Whereas disruptions in the CPV crmA gene as well as in the highly similar RPV SPI-2 gene have been shown to result in an increased inflammatory response in infected chicken CAMs (3), it is not known whether any of the infected cells undergo apoptosis. Studies of BALB/c mice inoculated intranasally with either CPV, vaccinia virus, or RPV CrmA/SPI-2 mutants are equivocal as to whether deletion of the gene leads to attenuation (17, 45) .
To gain a more complete understanding of the regulation of apoptosis during viral infection, we undertook a more detailed investigation of the infection of LLC-PK1 cells with wt CPV and a CPV crmA mutant (CPV⌬crmA). In addition, we also examined the phenotype of cells infected with the related orthopoxvirus RPV and an RPV SPI-2 gene (the homolog of the crmA gene) mutant (RPV⌬SPI-2).
In agreement with earlier results (38), we found that LLC-PK1 cells infected with CPV⌬crmA, but not those infected with wt CPV, showed morphological features of apoptosis (Fig.  1) . We showed here that extracts prepared from the infected cells contained activated caspase activity that resulted in the proteolytic cleavage of the nuclear enzyme PARP in vitro (Fig.  2) , as well as in vitro-transcribed and -translated human lamin A (Fig. 3) . Extract mixing experiments (Fig. 4) suggested that CrmA blocked PARP cleavage indirectly by inhibiting an activating proteinase further upstream in the apoptotic proteolytic cascade. In experiments using a peptide inhibitor (Fig. 6) , we found that at least five caspases, including the porcine homolog of caspase-3 (CPP32), became activated during CPV⌬crmA infection. During wt CPV infection, the CrmA protein was sufficient to block the activation of all of these caspases, suggesting that the cellular target for CrmA is a proapoptotic proteinase that lies at or near the apex of the presumed proteolytic cascade. Indeed, CrmA has been shown to be an effective inhibitor of caspase-8 (FLICE) (40, 42, 49) , which is believed to act very early in the apoptotic proteinase cascade following engagement of the Fas or TNF receptors (5, 31) . Our results are consistent with the hypothesis that the cellular target for the CrmA protein is a key caspase such as caspase-8 or a closely related enzyme that regulates the activation of the apoptotic program.
We were surprised to find that unlike LLC-PK1 cells infected with wt CPV or CPV⌬crmA, both wt RPV-and RPV⌬SPI-2-infected cells underwent apoptosis, as judged by nuclear morphology and several biochemical criteria. Infection with RPV⌬SPI-2 consistently resulted in an increased amount of processed caspase-3/CPP32 compared with wt RPV infec- tion (Fig. 5) , concomitant with an increased activation of PARP-cleaving activity (Fig. 2) . It is important to note that RPV and RPV⌬SPI-2 viruses both produce plaques on LLC-PK1 cells. Examination of the expression of both the CrmA and SPI-2 proteins during LLC-PK1 cell infection with either CPV or RPV (Fig. 7) indicated that the proteins were expressed to similar levels and with similar kinetics. In addition, when cells were coinfected with equivalent amounts of CPV and RPV, we were unable to detect proteolytic activity against PARP (Fig. 9A) , indicating that the RPV-induced apoptosis of infected LLC-PK1 cells can be inhibited by CPV.
Taken together, the results presented above suggest at least two possible hypotheses. The first possibility is that the RPV SPI-2 protein is not functionally equivalent to the CPV CrmA protein. However, it is clear that the purified SPI-2 protein was able to inhibit the proteolytic activity of caspase-1 (ICE) in a fashion nearly identical to that of the purified CrmA protein in an in vitro assay (Fig. 8) . While SPI-2 is a fully functional inhibitor of caspase-1, we cannot exclude the possibility that SPI-2 has an inhibitory specificity different from that of CrmA with respect to other members of the caspase family. Indeed, SPI-2 does not appear to be as effective as CrmA at inhibiting the activity of caspase-8 (42) . SPI-2 and CrmA exhibit 93% amino acid identity, including an aspartic acid in the P1 position of the predicted reactive-site loop, the region of the serpin molecule that is critical for determining the inhibitory specificity. Nevertheless, the two proteins do differ at positions P6 and P5 (CA in CPV; SV in RPV) as well as at a number of sites in the serpin backbone. Although these represent fairly conservative substitutions, these differences may contribute to the inhibitory specificity of the proteins. Indeed, a recent study of a number of caspases indicated that at least one caspase relies on substrate and inhibitor residues as far away from the cleavage site as P5 (26) , suggesting that there may be more specificity among the natural substrates and inhibitors of the caspases than has been suggested by studies relying on the use of tetrapeptide substrates and inhibitors (26) .
A second hypothesis predicts that CPV encodes an additional antiapoptotic protein absent from RPV and that CrmA/ SPI-2 is necessary, but not sufficient, for inhibition of apoptosis during LLC-PK1 cell infection. This factor or protein would then be required in addition to CrmA for inhibition of apoptosis during infection. In this model, RPV would be unable to block apoptosis during infection despite producing a functional homolog of the CrmA protein. If the RPV-infected cells were coinfected with CPV, the cells would be prevented from undergoing apoptosis since this factor would be supplied by CPV.
Distinguishing between these two possibilities can be accomplished by swapping the two genes between the viruses. If the SPI-2 protein indeed has a somewhat different inhibitory specificity than the CrmA protein, then we would expect that LLC-PK1 cells infected with CPV expressing the RPV SPI-2 protein in place of the CrmA protein would undergo apoptosis while cells infected with RPV expressing CrmA would not. However, if CrmA-mediated inhibition of apoptosis during infection requires an additional CPV-encoded factor, then inhibition of apoptosis will only be observed in the context of a CPV infection.
A second approach to distinguish between these two models is to examine cells infected with different combinations of wt and SPI-2/CrmA mutant viruses (Fig. 9 ). All apoptosis induced by RPV and RPV⌬SPI-2 can be alleviated by coinfection with wt CPV (Fig. 9A and C) . However, coinfection of CPV⌬crmA and wt RPV generates an infection with induction of apoptosis at levels reminiscent of that generated by infection with wt RPV alone. This result suggests that there is not a second gene unique to CPV which together with CrmA serves to block apoptosis. Rather, the most likely explanation for our results is that the SPI-2 and CrmA proteins are not functionally equivalent and that the SPI-2 protein of RPV is not as effective as the CrmA protein in controlling apoptosis.
If we consider these results in light of the distinctive pathobiologies observed for the two viruses during infection in animal models (chicken CAMs and BALB/c mice), some interesting correlations can be drawn. First, both wt CPV and wt RPV produce red pocks on chicken CAM, but those of wt RPV are not as red as those of CPV and frequently appear pink. Both the CPV⌬crmA and RPV⌬SPI-2 viruses produce white pocks (3). Thus, both the CrmA and SPI-2 proteins function to regulate inflammation during infection, a function that is most likely mediated by the regulation of the proteolytic activation of IL-1␤ by inhibition of caspase-1 (ICE). Our results showing comparable inhibition of caspase-1 activity in the in vitro assay (Fig. 8) are in complete agreement with such a scheme. Second, although the mutation of CrmA/SPI-2 in both CPV and RPV resulted in altered pulmonary pathology in intranasally infected BALB/c mice, infection with CPV⌬crmA resulted in reduced inflammation while infection with RPV⌬SPI-2 resulted in increased inflammation (45) . Furthermore, during infection with the wt viruses, CPV infection resulted in an overall greater influx of inflammatory cells than did infection with wt RPV (45) . If we reexamine these phenomena in light of the observations presented here, it is conceivable that in the context of a wt CPV infection, the infected pulmonary epithelial cells die by necrosis and thereby elicit a higher-level inflammatory response (in essence negating the anti-inflammatory effects of the crmA gene) than would be expected if the cells died by apoptosis during infection with the CrmA mutant. Conversely, in the case of wt RPV infection, if the infected cells die by apoptosis, one would expect to observe a lesser degree of inflammation. In this context, SPI-2 would function only in the regulation of the activation of IL-1␤, and therefore, when SPI-2 is inactivated in the context of RPV infection, an increase in inflammation is observed relative to that produced by the wt virus. Clearly, understanding the distinctive pathologies of infection with these viruses requires a more comprehensive understanding of the interactions between the viruses and the host cells. Elucidation of the functions of viral proteins such as CrmA and SPI-2 in poxvirus infection will facilitate a better understanding of the roles that both inflammation and apoptosis play during acute viral pathogenesis.
